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PreConceptual Design for Separation of Plutonium and Gallium by Ion Exchange

ABSTRACT
The disposition of plutonium from decommissioned nuclear weapons, by incorporation into commercial UO 2 -based nuclear reactor fuel, is a viable means to reduce the potential for theft of excess plutonium. This fuel, which would be a combination of plutonium oxide and uranium oxide, is referred to as a mixed oxide (MOX). Following power generation in commercial reactors with this fuel, the remaining plutonium would become mixed with highly radioactive fission products in a spent fuel assembly. The radioactivity, complex chemical composition, and large size of this spent fuel assembly, would make theft difficult with elaborate chemical processing required for plutonium recovery.
In fabricating the MOX fuel, it is important to maintain current commercial fuel purity specifications. While impurities from the weapons plutonium may or may not have a detrimental affect on the fuel fabrication or fuel/cladding performance, certifying the effect as insignificant could be more costly than purification. Two primary concerns have been raised with regard to the gallium impurity: (1) gallium vaporization during fuel sintering may adversely affect the MOX fuel fabrication process, and (2) gallium vaporization during reactor operation may adversely affect the fuel cladding performance. Consequently, processes for the separation of plutonium from gallium are currently being developed and/or designed. In particular, two separation processes are being considered: (1) a developmental, potentially lower cost and lower waste, thermal vaporization process following PuO 2 powder preparation, and (2) an off-the-shelf, potentially higher cost and higher waste, aqueous-based ion exchange (IX) process. While it is planned to use the thermal vaporization process should its development prove successful, IX has been recommended as a backup process. This report presents a preconceptual design with material balances for separation of plutonium from gallium by IX.
BACKGROUND
Tens of metric tons of plutonium from decommissioned weapons may be dispositioned as MOX fuel. Weapons-based plutonium can have a significant quantity of gallium (up to 1-wt %), which is introduced during nuclear material fabrication. The possibility exists that gallium can have a deleterious affect on the MOX fuel fabrication process, or the fuel cladding performance during reactor operation. Therefore, the prudent approach is to develop and/or design processes which can separate the plutonium from gallium prior to fuel fabrication. While thermal vaporization has been selected as the primary process for removal of gallium from plutonium in the oxide form, aqueous based processing is being maintained as an off-the-shelf contingency. In fact, aqueous based processing by IX was the plutonium purification reference process in the Data Report for the MOX Fuel Fabrication Programmatic Environmental Impact Statement (PEIS) (Reference 1, Section 4.2). Since preparation of the PEIS Data Report, it has been determined vaporization may separate gallium from plutonium with less waste, less risk of criticality, and ultimately less cost (this process is referred to as Thermally Initiated Gallium Removal or TIGR). However, since the TIGR process is currently under development such that its effectiveness has not yet been completely demonstrated, consideration of aqueous based IX processing for gallium separation from plutonium is being maintained as a contingency.
In-light of this rationale, a preconceptual flowsheet has been prepared for off-the-shelf IX separation. All equipment required for this IX-based flowsheet is currently available from commercial vendors, and the necessary unit operations (i.e. dissolution, separation, and product preparation) have been previously demonstrated at U.S. Department of Energy (DOE) facilities (Reference 2).
PROCESS DESCRIPTION
The principal unit operations required for separation of plutonium and gallium by ion exchange (IX) are shown in Figure 1 . By the use of nitric acid and water recycle, the waste products are limited to TRU waste, mixed waste, and emissions. The TRU waste is essentially due to the americium present in the weapons-based plutonium, the mixed waste consists of the plutonium contaminated organic ion exchange resin, and the emissions are due to NO x , CO 2 and water vapor. Figure 2 shows the feed conditions for the detailed IX flow sheet to be used as the basis for this preconceptual design. The basis for selecting the feed conditions is described in the following text. The basis for determining the overall material balances, including waste which results from the various feed streams, is detailed in the following Material Balances section. 
Oxidation of Metal
The ARIES/HYDOX process (Reference 3) has been selected as the means for converting Pu-metallic weapon pits to plutonium oxide. This processes has been selected based upon the need to disposition relatively-complex plutonium metal configurations. In producing plutonium oxide, the ARIES process essentially involves changing metallic plutonium to a plutonium hydride powder, converting the hydride to a nitride, and then converting the plutonium nitride to plutonium oxide. The intermediate nitride step avoids the direct oxidation of hydride, which eliminates the presence of hydrogen with oxygen in potentially explosive combinations. If the baseline thermal vaporization process is used to remove gallium, the gallium is essentially vaporized from the PuO 2 following partial reduction of Ga 2 O 3 to Ga 2 O by hydrogen at a very low pressure (this avoids explosion concerns). The gallium depleted plutonium oxide is then ready for MOX fuel fabrication.
Dissolution of Oxide
In general, the dissolution of plutonium metal with moderate acids such as nitric acid (HNO 3 ), is much more difficult than dissolution of plutonium oxide. While plutonium metal can be satisfactorily dissolved with strong acids such as HCl, the stronger acids tend to excessively corrode separations processing equipment (Reference 4, Chapter 4 -Section 4 and Chapter 6 -Section 8). For this reason, plus the fact that plutonium oxide preparation from metallic plutonium pits is being developed as part of the ARIES/HYDOX process, plutonium/gallium oxide rather than metal is the feed form of choice for aqueousbased processing.
In keeping with a PreConceptual Design based upon off-the-shelf technology, it is desired to use either nitric acid alone, or nitric acid with a small amount of HF, for dissolution of the plutonium/gallium oxide feed. If nitric acid alone is used, while the waste is less the design must be based on the French Electrolytic Dissolution process (Reference 5), which is currently the only industrial based process for plutonium oxide dissolution with only nitric acid. In order to be conservative with waste estimates, plutonium oxide dissolution with a small amount of HF added to the nitric acid will be the basis for this design. Typical conditions for dissolution are those which result in 7 M HNO 3 and 0.05 M HF as feed for the IX operation (Reference 1).
Ion Exchange (IX)
The technical basis for ion exchange separation of plutonium from gallium has been described in Reference 6. Anion rather than cation exchange has been selected as the basis for this Preconceptual Design due to currently existing plutonium anion exchange operations (see Reference 1).
The IX process is essentially divided into three steps: (1) loading of plutonium nitrate on the anion exchange resin while gallium and americium remain in the original feed solution, (2) washing of the resin following completion of the loading step to remove interstitial liquid which contains gallium and americium (which results from decay of 241 Pu), and finally (3) elution of the resin to remove the plutonium and regenerate the resin for repeat loading.
During the loading step, the plutonium nitrate solution resulting from the dissolution of plutonium oxide by nitric acid with a small amount of HF, tends to form plutonium nitrate anion complexes at nitrate concentrations greater than 5 to 6 M (Reference 7, Section 13-3.2.d). If the resulting dissolved plutonium nitrate conditions are carefully controlled, the Pu IV+ oxidation state will predominate, and is highly exchangeable with an anion exchange resin as a nitrated anion complex. In contrast, the gallium and americium ions are essentially nonexchangeable with the anion exchange resin for these conditions (Reference 6, Chapter 8 - Figure 8 ). Consequently, plutonium will preferentially exchanged under carefully controlled conditions.
As described in Reference 6, the Pu IV+ species in nitric acid is more extractable on anion exchange resins than the other plutonium oxidation states (such as Pu III+ and Pu VI+ ). Consequently, following dissolution a pretreatment step is required to prevent fluoride loading of the resin , and another pretreatment step is required to maintain predominance of the Pu IV+ oxidation state. = ) is not necessary because as the most exchangeable species is exchanged from solution to resin, the species in solution will maintain an equilibrium mix which implies continued formation of the most extractable species.
A wash step follows the plutonium loading in order to remove interstitial liquid bearing gallium and amercium, prior to the elution step. This interstitial liquid is actually the plutonium feed solution which remains in the column once loading is discontinued. Two wash steps are used in order to prepare the column for elution with hyrdoxylamine (H 2 NOH). The first wash is 7 M HNO 3 which is concentrated in NO 3 -in order to prevent Pu oxidation state change on the resin, or plutonium nitrate anion decomplexation, which in either case will cause the plutonium to leave the resin. This wash solution is routed to the waste since it has significant quantities of gallium and americium. The second wash is 1 M HNO 3 which prepares the resin for elution with hydroxylamine, since hydroxylamine can react and form gases with more concentrated HNO 3 (such as 7 M ). Since the second wash is more dilute in NO 3 - , some plutonium may leave the resin, but since it should have little gallium or americium present, this wash can be routed to the plutonium product collection.
And finally, the elution and resin regeneration can be combined in a single step. The elution (plutonium removal from resin) is achieved by two mechanisms. The first is passing dilute nitric acid through the column which decomplexes the plutonium nitrate anion in accordance with Equations 1-3. 
, which does not readily form nitrated anion complexes (Reference 7, Section 12-7). By doing this, the plutonium decomplexes from the nitrate on the IX resin and then enters solution. Typical conditions for the elution are 0.5 M HNO 3 and 0.5 M H 2 NOH (Reference 1). The free nitrate in solution also serves to recharge (or replace) the anion sites which were consumed by the plutonium nitrate anion complexes. These recharged sites are then available to repeat the plutonium loading step.
It is important to charge the fresh (never before used) resin with nitrate anions the initial time prior to loading.
Plutonium Product Preparation
Precipitation of Pu III+ oxalate may be accomplished from solutions containing as little as 1 g-Pu/L and not more than 4 M HNO 3 (Reference 7, Section 15-1.4). Oxalic acid may be added as a solid or liquid, at a rate not particularly important. After approximately a thirty minute digestion period, the precipitate is washed with water and dried.
Calcination of plutonium oxalate precipitate versus direct calcination of plutonium nitrate has the advantage of forming less dense plutonium oxide particles (Reference 7, Section 15.1-6). The less dense particles can be more suitable for follow on operations such as MOX fuel pellet formation by sintering.
Recycle Operations
There are numerous places in the proposed Flowsheet shown in Figure 2 for which recycle operations could significantly reduce waste streams. Since this is a preconceptual design, the details of recycle will not be produced here; but rather, it is assumed classical evaporation and distillation unit operations will be used to separate nitric acid and water for recycle from the salts.
Waste Generation
As noted in Section 3.5, much of the nitric acid and all of the water water will be recycled, while the salts will be separated as waste. Additionally, following the specified number of regenerations, the IX resin will become waste as well. HF was selected for dissolution of PuO 2 rather than electrolytic dissolution developed by the French; however, the use of electrolytic dissolution would eliminate the need for Al(NO 3 ) 3 .
MATERIAL BALANCES
Dissolution of Oxide
The following conditions were assumed for dissolution of the plutonium oxide in nitric acid (HNO 3 ) and hydrofluoric acid (HF).
(1) 10-MT Pu metal feed (2) PuO 2 formation per the Pit Disassembly and Conversion Facility (PDCF) (3) Conditions following feed dissolution shall be approximately 150 g-Pu/L at approximately 7 M free nitrate (NO 3 -), i.e. not complexed with plutonium. The plutonium concentration has been selected as one-half of 300 g-Pu/L which is the approximate maximum concentration without formation of plutonium polymer in nitric acid solution (Reference 8, Pg 59). The ion exchange column diameter will be selected for sub-critical operation. The free nitrate anion concentration following dissolution, and entering the ion exchange column, is based upon achieving maximum resin loading for a strong-base anion-exchange resin (Reference 9, Chapter 8, Figure 8) . (4) The plutonium-nitrate anion complex following dissolution will consist of essentially 100% double charged anion, Pu(NO 3 ) 6 = (Reference 10). While some Pu(NO 3 ) 5 -will exist as well, the equilibrium determination is difficult at best, such that assuming 100% Pu(NO 3 ) 6 = will conservatively estimate nitrate consumption and hence nitrate waste. Additionally, as Pu(NO 3 ) 6 = is preferentially exchanged over Pu(NO 3 ) 5 -, the single-charged anion will convert to the double-charge anion in solution in order to maintain equilibrium. 
IX Feed Pretreatment
The following conditions were assumed for pretreatment of the plutonium nitrate anion prior to ion exchange. (1 gmole-Pu) = 20,410 Kg-dry resin This is not the total amount of resin consumed, because the ability to regenerate and recycle greatly reduces the resin consumption as shown in the following.
IX Loading
However, the author's discussions with personnel who have experience operating similar processes indicate the resin loading should not exceed ~65 g-Pu/L-resin. This is based on the following criticallity concern. While the IX column can be easily designed as subcritical for most aqueous solutions of plutonium, the presence of an organic resin replaces aqueous hydrogen atoms with carbon. These carbon atoms may not moderate differently than hydrogen, but carbon does not capture neutrons as does hydrogen.
The resin interstitial liquid can be determined as follows. The maximum packing factor for identical size spheres is defined as face-centered cubic, and corresponds to 74 vol% (Reference 14, Chapter 4, Section 3). This implies the liquid volume between IX resin particles consumes a minimum of 26% of the total combined volume. Based on 
Since the criticallity limit is 65 g-Pu/L-resin, and it is assumed the entire column is loaded with resin, the resin will be loaded to only 50% capacity. This will not increase resin or reagent consumption, but it will double the number of operating cycles. This is based on resin regeneration, and the recycle of nitric acid and water.
The liquid interstitial volume can be determined as follows: In order to complete the material balances shown in Figure 4 , it is necessary to estimate the composition of interstitial liquid and of the resin prior to loading, i.e. following regeneration. The composition of interstitial liquid in equilibrium with the regenerated resin entering the loading cycle, and forced out of the resin upon loading, is determined in the Section on Elution/Regeneration later in this text. The results are summarized in the following. The composition of the effluent from which the plutonium has been removed is simply (1) the interstitial liquid in the recharged resin, and (2) the resin nitrate displaced by the plutonium nitrate anion, and (3) the pretreated dissolved feed minus the plutonium and minus that left in the interstitial resin space upon completion of loading.
The summary of Loading conditions is shown in Figure 5 highlights the materials balances for the IX Wash step shown in Figure 2 . The material balance calculations are described in the text following Figure 5 . Figure 6 highlights the materials balances for the IX Elution/Regeneration step shown in Figure 2 . The material balance calculations are described in the text following Figure 6 . Table 5 . IX Elution/Regeneration Summary
IX Pre-Elution Wash
IX Wash
IX Elution/Regeneration
IX
Plutonium Oxalate Precipitation/Calcination
A number of precipitation processes are available; however, oxalate is one of a few which produces essentially no solid waste (Reference 4, Chapter 9, Figure 9 .8). Figure 7 highlights the materials balances for the Precipitation/Calcination steps shown in Figure 2 . The material balance calculations are shown in the text following Figure 7 . Table 6 . Precipitation/Calcination Summary
Recycle and Disposal
The recycle concepts will be defined only in general terms for this PreConceptual Design. Figure 8 shows the recycle and disposal concepts, along with the associated materials as calculated in the following text.
It is assumed that free nitrate can act as a reducing agent, and oxidized hydroxyl amine can act as an oxidizing agent, such that at the appropriate temperature they can react and form NO x . Since the nitrate resources for Ga 3+ and Am 3+ were not included in those of the Dissolution section due to their small requirements, the consumption is neglected in this section as well.
The water requirements and effluent are equal to the water present in the feed reagents, which includes HNO 3 Figure 9 shows the material balances which were developed based on the previous assumptions and calculations. Figure 9 . Overall Material Balances Figure 10 is a reproduction of Figure 2 with a complete set of material balances added.
SUMMARY
Ion Exchange
Pu Product Preparation
TRU & Mixed Waste Emissions Feed Preparation
Based upon the author's discussions with those who have operated plutonium IX processes, the superficial liquid velocity through the column (2.75 cm/min) can be used to estimate the number of processing lines required. 
